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3-generation quark mixing : Cabbibo-Kobayashi-Maskawa matrix

Σi Vij *Vik  = δjk ⇒Vud Vub*+ Vcd Vcb*+ Vtd Vtb*= 0 (k = b)

Wolfenstein representation
CP violation is induced by complex phase of CKM matrix

φ1(=β) = arg(Vcd Vcb*/Vtd Vtb*)

φ2(=α) = arg(Vud Vub*/Vtd Vtb*)

φ3(=γ) = arg(Vcd Vcb*/Vud Vub*)

CP violation parameters

Unitary triangle

Quark mixing and CP violation
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Introduction

Phenomenology of  mixing-induced CP-violation:

For  c! cs transitions / s! ss transition in the SM,

where:

Flavor tagging
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Time-dependent CP violation: 
Quantum interference between B0-B0 
mixing and B0 decay to CP eigenstate.

= S sinΔmΔt                   + 　 A cosΔmΔt

          S: Mixing  induced CPV parameter 
          A(=-C): Direct CPV parameter
         Δm: B-B mass difference
         Δt: B-B decay time difference
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― b→ccs tree diagram

  B0→(cc) K0 “Golden mode”

―

Measurement of sin2φ1 

_

(cc) = J/ψ, ψ(2S), χc1, ηc...
_

_

S = -ξf sin2φ1

      ξf : CP eigenvalue :
 -1 for (cc)K0S, +1 for (cc)K0L

_ _
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When (Δt) / Which B0 (flavor) decay into CP eigenstate?

アルバトリオン

e- e+

B0

B0

Υ(4S)

K0

K
π
μ

μ+
μ-Δz≃βγc Δt

vertex 
reconstruction

8x3.5GeV@KEKB, 
9x3.1GeV@PEP-II

Signal side B

Tag side B

- Reconstruct B0 (beam constraint mass, energy, momentum etc.)
- Tag B0 flavor (charge of decay products of accompany B0)
   B0→D*+l-ν, B0→D*±→D0π+
          → K-l+ν
- Δt measurement from decay vertices

Principle of sin2φ1 measurement

|

_ _
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reconstructed energy
signal region

J/ψK0S J/ψK0L ψ(2S)K0S χc1K0S
Signal yield 12681±114 10041±154 1981±46 949±33
Purity (%) 97 63 93 89

+  Data
ー Fit
■ BG w/ K0L
■ BG w/o K0L
■ J/ψ combinatorial BG 

B0→(cc)K0S B0→J/ψK0L
_

signal yield = 8377
purity = 93%

signal yield = 5813
purity = 56%

BABAR 465M BB (PRD 79 (2009) 072009)

Belle 772M BB (Preliminary)
_

_

beam-constrained mass

energy substituted mass

Reconstruction of CP sample
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AcosΔmΔt + SsinΔmΔtq(                                  )
flavor tagging quality 

(1-2w) ⊗R(Δt)
resolution function

smeared Δt distribution

B0 tag
B0 tag
_

proper-time Δt distribution

B0 tag
B0 tag
_

AcosΔmΔt + SsinΔmΔtq(                                  )
Time dependent decay rate

- Detector resolution
- Non-primary tracks from companion B
- Kinematic approximation: Δz≃βγcΔt
- Failure of B0 flavor tagging

→ Determined using flavor specific 
    null-CPV control sample (B0→D(*)h, B0→D*lν)

Time-dependent CPV measurement
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Belle 772M BB (Moriond EW 2011)                BABAR 465M BB (PRD 79 (2009) 072009)

B0→(cc)K0S B0→J/ψK0L combined
     sin2φ1= 0.687±0.028±0.012

               A = -0.024±0.020±0.016

11

VI. LIKELIHOOD FIT VALIDATION

We perform three tests to validate the fitting proce-
dure. The first of these tests consists of generating en-
sembles of simulated experiments from the probability
density function (PDF) and fitting each simulated exper-
iment. We determine that the fitted values of Sf and Cf

parameters are unbiased, and that the fit returns reason-
able estimates of the statistical uncertainties, by verifying
the distribution of the pull P on a parameter O, given by
P = (Ofit −Ogen)/σ(Ofit), is consistent with a Gaussian
centered about zero with a width of one. The quantity
Ofit is the fitted value, with a fitted error of σ(Ofit), and
Ogen is the generated value.

The second test involves fitting simulated signal events
that include the full BABAR detector simulation. For each
decay mode, we divide the signal MC sample to many
data-sized samples, fit them one by one, and then exam-
ine the distribution of the fitted results. We make sure
that the P distributions for these signal-only simulated
experiments are consistent with a Gaussian distribution
centered at zero with a width of one.

The third test is to perform null tests on control sam-
ples of neutral and charged B events where Sf and Cf

should be very small or zero. The parameters Sf and
Cf are consistent with zero for the charged B sample
of J/ψK±, ψ(2S)K±, χc1K±, and J/ψK∗± final states.
For the neutral Bflav sample, we find that the Sf and
Cf parameters slightly deviate from zero at approxi-
mately twice the statistical uncertainty (see Table II).
The deviation of Sf from zero is consistent with the
directly measured CP asymmetry S ∼ −2r sin(2β +
γ) cos(δ) ! 0.04 [15] in B0 → D(∗)±h∓ [16] due to in-
terference from doubly-CKM-suppressed decays, where
γ = arg[−(VudV ∗

ub)/(VcdV ∗
cb)], δ is the strong phase differ-

ence between CKM-favored and doubly-CKM-suppressed
amplitudes, and r ∼ 0.02 is the ratio of the two am-
plitudes. Considering this expected CP asymmetry in
the Bflav sample and systematic uncertainties (at ∼ 1%
level), we conclude that our analysis is free of pathologi-
cal behaviors.

VII. RESULTS

The fit to the BCP and Bflav samples yields −ηfSf =
0.687 ± 0.028 and Cf = 0.024 ± 0.020, where the errors
are statistical only. The correlation between these two
parameters is +0.1 %. We also performed the fit using
sin2β and |λf | as fitted parameters, and found sin2β =
0.687 ± 0.028 and |λf | = 0.977 ± 0.020. The correlation
between the fitted sin2β and |λf | parameters is −0.14 %.
Figure 2 shows the ∆t distributions and asymmetries in
yields between events with B0 and B0 tags for the ηf =
−1 and ηf = +1 samples as a function of ∆t, overlaid
with the projection of the likelihood fit result. Figure 3
shows the time-dependent asymmetry between unmixed
and mixed events for hadronic B candidates with mES >
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FIG. 2: a) Number of ηf = −1 candidates (J/ψ K0
S, ψ(2S)K0

S ,
χc1K0

S , and ηcK0
S) in the signal region with a B0 tag (NB0)

and with a B0 tag (NB0), and b) the raw asymmetry,
(NB0 − NB0)/(NB0 + NB0), as functions of ∆t; c) and d)
are the corresponding distributions for the ηf = +1 mode
J/ψ K0

L. The solid (dashed) curves in (a) and (c) represent
the fit projections in ∆t for B0 (B0) tags. The shaded regions
represent the estimated background contributions to (a) and
(c). The curves in (b) and (d) are the fit projections of the
raw asymmetry between B0 tagged and B0 tagged events.

5.27 GeV/c2. We also perform a fit in which we allow
different Sf and Cf values for each charmonium decay
mode, a fit to the J/ψK0

S
(π+π− +π0π0) mode, and a fit

to the J/ψK0 (K0
S

+ K0
L
) sample. The results for some

of these studies are shown in Figure 4. We split the
data sample by run period and by tagging category. We
perform the CP measurements on control samples with
no expected CP asymmetry. The results of these fits are
summarized in Table II.

The dominant systematic uncertainties on Sf are sum-
marized in Tables III and IV. The dilution due to flavor
tagging can be different between BCP and Bflav events.
We study this effect by comparing the results in large
samples of simulated BCP and Bflav events. The uncer-
tainties due to ∆t resolution functions for both signal
and background components are estimated by varying
the fixed parameters and by using alternative models. We
also vary the peaking background fractions based on esti-
mates derived from simulation, and vary the CP content
of the background over a wide range to estimate the effect
due to our limited knowledge of background properties.

B0→J/ψK0L

B0→(cc)K0S

B0→(cc)K0S B0→J/ψK0L combined
     sin2φ1= 0.668±0.023±0.013

               A = 0.007±0.016±0.013

B0→(cc)K0S

B0→J/ψK0L

background subtracted,
good flavor tag quality only

_ _

_ _
Measurement of sin2φ1 

B0 tag
B0 tag
_

B0 tag
B0 tag
_

Belle preliminary

_ _
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Both Belle and BABAR observes
CP violation in all decay modes

sin2φ1 is mainly determined 
by results of B-factories 

23rd Rencontres de Blois Particle Physics and Cosmology, Château Royal de Blois, May 31, 2011

sin(2 )  sin(2 1)

-2 -1 0 1 2 3

BaBar
PRD 79 (2009) 072009

0.69 ! 0.03 ! 0.01

BaBar c0 KSPRD 80 (2009) 112001
0.69 ! 0.52 ! 0.04 ! 0.07

BaBar J/  (hadronic) KSPRD 69 (2004) 052001
1.56 ! 0.42 ! 0.21

Belle
Moriond EW 2011 preliminary

0.67 ! 0.02 ! 0.01

ALEPH
PLB 492, 259 (2000)

0.84 +-0
1

.

.
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0

2
4 ! 0.16

OPAL
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0

0
0 ! 0.50

CDF
PRD 61, 072005 (2000)

0.79 +-0
0

.

.
4
4

1
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LHCb
Beauty 2011 preliminary

0.53 +-0
0

.

.
2
2

8
9 ! 0.08

Average
HFAG

0.68 ! 0.02

H F A GH F A G
Beauty 2011

PRELIMINARY

Measurement of sin2φ1 
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φ3 determination
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Measurements using interference between Vub 
contribution and another weak vertex.

Relative phase of B±→ DK± 
|D> = |D0> + reiθ|D0>

θ = ±φ3 +δ
(weak phase)  +  (strong phase)

~ _

Several decays modes of D meson are used to determine φ3
23rd Rencontres de Blois Particle Physics and Cosmology, Château Royal de Blois, May 31, 2011

φ3=(71+21)°-25

(2010 summer)
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Measurement of φ3 with ADS
D. Atwood, I. Dunietz and A. Soni, 
PRL78, 3357 (1997); PRD 63, 036005 (2001)

TABLE I: Summary of the fit results. For the B− → Dsuph− signal yield, the contribution of peaking backgrounds has been
subtracted. The first two errors on the measured branching fractions are statistical and systematic, respectively, and the third
is due to the uncertainty in the B− → Dfavh− branching fraction used for normalization. The last column shows the partial
rate asymmetries ADh as explained in the text.

Mode Efficiency (%) Signal yield Significance Branching fraction [90% C.L. upper limit] ADh

B− → DsupK− 15.4±0.3 9.7+7.7
−7.0 1.3σ (1.2+1.0+0.3

−0.9−0.4 ± 0.1) × 10−7 −0.1+0.8
−1.0 ± 0.4

[2.8 × 10−7]
B− → Dsupπ− 23.1±0.4 93.8+15.2

−14.6 6.6σ (6.29+1.02+0.28
−0.98−0.41 ± 0.24) × 10−7 −0.02+0.15

−0.16 ± 0.04
B− → DfavK− 15.1±0.3 1220+41

−40 · · · · · · · · ·
B− → Dfavπ− 22.8±0.4 27202+177

−176 · · · · · · · · ·

TABLE II: Summary of the systematic uncertainties for RDh

and ADh.

Source RDK RDπ ADK ADπ

Fit ±26% ±3.1% ±0.40 ±0.04
Peaking backgrounds + 2

−25%
+2.2
−5.3% · · · · · ·

Efficiency ±2.7% ±2.5% · · · · · ·
Detector asymmetry · · · · · · ±0.01 ±0.01

The ratio RDK is related to φ3 by

RDK = r2
B + r2

D + 2rBrD cosφ3 cos δ (5)

where [14]

rB ≡
∣

∣

∣

∣

A(B− → D̄0K−)

A(B− → D0K−)

∣

∣

∣

∣

, δ ≡ δB + δD , (6)

rD ≡
∣

∣

∣

∣

A(D0 → K+π−)

A(D0 → K−π+)

∣

∣

∣

∣

= 0.0578± 0.0008, (7)

and δB and δD are the strong phase differences between
the two B and D decay amplitudes, respectively. Using
the above result, we obtain a conservative upper limit
on rB as follows. For a given RDK and in the relevant
parameter ranges, rB is the largest when cosφ3 cos δ =
−1 and rD is maximal. Thus, we take cosφ3 cos δ =
−1 and a +2σ shift in rD, and obtain rB < 0.19 which
corresponds to the 90% upper limit on RDK .

We also measure the partial rate asymmetry ADh in
the B∓ → Dsuph∓ decays,

ADh ≡
B(B− → Dsuph−) − B(B+ → Dsuph+)

B(B− → Dsuph−) + B(B+ → Dsuph+)
, (8)

by fitting the B− and B+ candidates with the asymmetry
as one of the fitting parameters. The fit results are shown
in Fig. 3 and included in Table I. We obtain

ADπ = −0.02+0.15
−0.16(stat) ± 0.04(syst) (9)

and no significant constraint on ADK . The systematic
errors (Table II) are dominated by the uncertainties due

to the fits. Possible bias due to charge asymmetry of
the detector is estimated using the B− → Dfavπ− con-
trol sample for which the expected asymmetry is small.
The peaking backgrounds are subtracted assuming no
CP asymmetries. An assumption of 30% CP asymmetry
in the peaking background would lead to a shift of 0.02
in ADπ.
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FIG. 3: ∆E distributions for (a) B− → DsupK−, (b) B+ →
DsupK+, (c) B− → Dsupπ−, and (d) B+ → Dsupπ+. The
curves show the B∓ → DsupK∓ component (thicker dashed
curves), the B∓ → Dsupπ∓ component (thinner dashed
curves), and the background components (thicker dash-dotted
curves for B → XK∓, thinner dash-dotted curves for B →
Xπ∓, and dotted curves for the continuum), as well as the
overall fit (solid curves).
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= rB2+rD2+2rBrD cosδcosφ3

= 2rBrD sinδsinφ3/RDK
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⇒ Magnitudes of interfering amplitudes are comparable
    →CP violation effects are enhanced
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Belle 772M BB 
(arXiv:1103.5951(hep-ex))              

BABAR 467M BB 
(PRD82 072006 (2010))

_

56.0+15.1-14.2 165.0+19.1-18.1

B−→ D[K+π−]K−

_
Results of ADS method

First evidence of suppressed 
B→D[K+π-]K decay signal 
due to increasing of data and 
cleverer continuum background 
suppression based on neural-net

B−→ D[K+π−]π−

23rd Rencontres de Blois Particle Physics and Cosmology, Château Royal de Blois, May 31, 2011

B−→ D[K+π−]K−
B−→ Dπ0[K−π+]K− B−→ Dγ[K−π+]K−

19.4±9.6 10.3±5.5 5.9±6.4

Larger signal yield but sensitivity of 
φ3 is lower due to smallness of rB
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AADS Averages
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RADS Averages
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B-→D (*)0K(*)- B-→D (*)0π- 

- Most precise measurement by Belle in D→Kπ
- BABAR attempted to use D*K and DK* as well

Results of ADS method
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Dalitz plot analysis using D→KS0π+π-3-body decay
A. Giri, Yu. Grossman, A. Soffer, J. Zupan, PRD 68, 054018 (2003)

D0→KS0π+π- amplitude fD : fit to flavor-tagged D*→D0π sample
(Phase term is based on model assumption)

m+2 = m      2,KSπ+ m-2 = m      2KSπ-
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φ3 = (78      ±4 ±9)°   
         (Belle, DK- and D*K- combined)
         (68     ±4 ±3)° 
         (BABAR, DK-, D*K- and DK*- combined)

+11
-12

+15
-14

3rd errors are from Dalitz model
→ becomes dominant in future
    high-statistic experiments

y

Measurement of φ3 with GGSZ

B+

B-

23rd Rencontres de Blois Particle Physics and Cosmology, Château Royal de Blois, May 31, 2011

DDalitzK
! x! vs y!

Contours give -2 (ln L) = 2 = 1, corresponding to 60.7" CL for 2 dof
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Binned Dalitz plot analysis : Model independent
A. Giri, Yu. Grossman, A. Soffer, J. Zupan, PRD 68, 054018 (2003) 
A. Bondar, A. Poluektov, EPJ C 47, 347 (2006); EPJ C 55, 51 (2008)

→ estimated from quantum correlations 
    between D0 and D0 in ψ(3770)→D0D0 decays
    CLEO collaboration, PRD 82, 112006 (2010)
⇒ No model uncertainty

(prediction
from model)

Measurement of φ3 with GGSZ

・
・
・

_ _

23rd Rencontres de Blois Particle Physics and Cosmology, Château Royal de Blois, May 31, 2011
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B±→DK±

B±→Dπ± (control sample)

→significant direct CP-violation

3rd errors are came from
uncertainty of ci and si
→ improved by charm-
    factory results

x

y

Measurement of φ3 with GGSZ

Belle preliminary

Simultaneous fit to kinematic information
together with entries in each Dalitz bin.
→ x± = r cos(±φ3+δ), 
    y± = r sin(±φ3+δ) 
    from B±

23rd Rencontres de Blois Particle Physics and Cosmology, Château Royal de Blois, May 31, 2011
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Prospects in short term
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has been ready (Δt resolution, B flavor wrong tagging...)
    - sin2φ1 from b→s penguin (“effective” sin2φ1 ≡ sin2φ1eff)  
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≲ 0.08 for B0→ήK0

≲ 0.2 for B0→K0SK0SK0S

23rd Rencontres de Blois Particle Physics and Cosmology, Château Royal de Blois, May 31, 2011
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Prospects in short term
Common analysis variables for time-dependent CPV study
has been ready (Δt resolution, B flavor wrong tagging...)
   - Time-dependent analysis and branching fraction 
     measurements of B0→ππ, B0→ρρfor iso-spin relation 
     analysis of φ2
   - CP violation in b→ccd : B0→D(*)+D(*)-

D+ D- CCP

H
FA

G
W

in
te

r 2
00

9

-1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

BaBar
PRD 79, 032002 (2009)

-0.07 ± 0.23 ± 0.03

Belle
PRL 98, 221802 (2007)

-0.91 ± 0.23 ± 0.06

Average
HFAG correlated average

-0.48 ± 0.17

H F A GH F A G
Winter 2009

PRELIMINARY

Belle observed direct CPV in B0→D+D- decay
using 535MBB → How about using full data?

H. Ishino Phi2 and related measurement from 

Belle

22

!"#$%&%$#'#()"*+!2 constraint using isospin

M. Gronau and D. London, PRL 65, 3381 (1990)

)22sin(1 2

2 "!#### $%& AS

We use the statistical treatment of  
J. Charles et al., Eur. Phys. J. C 41, 1 (2005)

The cleanest 

method to 

extract !2

_

_

23rd Rencontres de Blois Particle Physics and Cosmology, Château Royal de Blois, May 31, 2011
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Summary
• sin2φ1 = 0.68±0.02 is measured in B-factories. 
(→ good reference point of Standard Model)

• New technical approaches to φ3 measurements using 
interference of  B±→DK± decays.

• We expect soon all the results from Belle final data sample.

23rd Rencontres de Blois Particle Physics and Cosmology, Château Royal de Blois, May 31, 2011
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                         δS            δA
Vertexing                +0.008/-0.009 ±0.008
Flavor tagging           +0.004/-0.003 ±0.003
Resolution function      ±0.007        ±0.001 
Physics parameters       ±0.001        <0.001
Fit bias                 ±0.004        ±0.005
J/psiKs signal fraction  ±0.002        ±0.001
J/psiKL signal fraction  ±0.004        +0.000/-0.002
psi2sKs signal fraction  <0.001        <0.001
chic1Ks signal fraction  <0.001        <0.001
Background Delta_t       ±0.002        ±0.001
Tag-side interference    ±0.001        ±0.008
---------------------------------------------------
Total                    ±0.013        ±0.013

Systematic error of sin2φ1

23rd Rencontres de Blois Particle Physics and Cosmology, Château Royal de Blois, May 31, 2011
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Hai-Yang Cheng, hep-ph/0702252

J. Zupan, hep-ph/0707.1323

ΔS

B0→K+K-K0S 0.03
B0→K0SK0SK0S 0.02
B0→K0Sπ0π0 0.03

+0.02
-0.03
+0.02
-0.03
+0.02
-0.03

ΔS

B0→η'K0 0.01±0.01
B0→φK0 0.02±0.01
B0→ωK0S 0.13±0.08   
B0→ρ0K0S -0.08
B0→K0Sπ0 0.07 +0.05

-0.04

-0.12
+0.08

Generally, ΔS>0 is expected in SM
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sin2φ1 from b→s penguin
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Model uncertainty of φ3 Dalitz analysis
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φ3: Systematic errors

Systematic errors in units 10−3.

Source of uncertainty ∆x− ∆y− ∆x+ ∆y+

Dalitz plot efficiency 4.8 2.0 5.6 2.1

Crossfeed between bins 0.4 9.0 0.6 3.0

Signal shape 7.3 7.4 7.3 5.1

u, d , s, c continuum background 6.7 5.6 6.6 3.2

BB background 7.8 12.2 7.2 6.1

B± → Dπ± background 1.2 4.2 1.9 1.9

Flavor-tagged statistics 1.5 2.7 1.7 1.9

Fit bias 3.2 5.8 3.2 5.8

ci , si precision 10.1 22.5 7.2 17.4

Total without ci ,si precision ±14.0 ±19.4 ±14.0 ±11.3

Total ±17.3 ±29.7 ±15.7 ±20.7
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